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ABSTRACT
Hypervelocity stars (HVSs) represent a unique population of stars in the Galaxy re-
flecting properties of the whole Galactic potential. Determining their origin is of fun-
damental importance to constrain the shape and mass of the dark halo. The leading
scenario for the ejection of HVSs is an encounter with the supermassive black hole
in the Galactic Centre. However, new proper motions from the Gaia mission indi-
cate that only the fastest HVSs can be traced back to the Galactic centre and the
remaining stars originate in the disc or halo. In this paper, we study HVSs gener-
ated by encounters of stellar binaries with an intermediate-mass black hole (IMBH)
in the core of a star cluster. For the first time, we model the effect of the cluster
orbit in the Galactic potential on the observable properties of the ejected population.
HVSs generated by this mechanism do not travel on radial orbits consistent with a
Galactic centre origin, but rather point back to their parent cluster, thus providing
observational evidence for the presence of an IMBH. We also model the ejection of
high-velocity stars from the Galactic population of globular clusters, assuming that
they all contain an IMBH, including the effects of the cluster’s orbit and propagation
of the star in the Galactic potential up to detection. We find that high-velocity stars
ejected by IMBHs have distinctive distributions in velocity, Galactocentric distance
and Galactic latitude, which can be used to distinguish them from runaway stars and
stars ejected from the Galactic Centre.
Key words: Galaxy: kinematics and dynamics – stars: kinematics and dynamics –
galaxies: star clusters: general – Galaxy: centre
1 INTRODUCTION
The European Space Agency mission Gaia1 has revolution-
ized astrometry, providing positions, parallaxes and proper
motions for more than 1.3 billion stars in its second data
release (Gaia DR2) (Gaia Collaboration 2018). It also pro-
vided radial velocities for ∼ 7.2 million bright stars (Gaia
Collaboration 2018). It therefore offers an unprecedented op-
portunity to study the population of high-velocity stars in
the Galaxy.
Based on their ejection mechanism and/or space veloc-
ities, high-velocity stars are usually divided in two differ-
ent categories: runaway stars (RSs) and hypervelocity stars
(HVSs), though the distinction is not always clear. The
former likely originated in the Galactic disc and acquired
high velocities either in supernova explosions in binary sys-
tems (Portegies Zwart 2000) or in close dynamical encoun-
? E-mail: giacomo.fragione@mail.huji.ac.il
1 http://sci.esa.int/gaia/
ters involving stars and binaries (Gvaramadze et al. 2009;
Gvaramadze & Gualandris 2011). The latter, on the other
hand, have such extreme velocities, often exceeding the local
Galactic escape speed, that an interaction with the super-
massive black hole (SMBH) in the Galactic Centre (GC) is
required. The leading scenario, the classical Hills mechanism
(Hills 1988), involves the tidal disruption of a stellar binary
by the SMBH which results in the capture of one star on a
wide eccentric orbit and the ejection of the companion with
very large velocity (Bromley et al. 2006; Sari et al. 2010).
Alternative mechanisms for the origin of HVSs include en-
counters with a massive black hole binary in the Galactic
Centre (Yu & Tremaine 2003; Fragione & Leigh 2018), inspi-
ralling intermediate-mass black holes (IMBHs; Baumgardt
et al. 2006; Sesana et al. 2006; Sesana et al. 2007), encoun-
ters in a nearby galaxy (Gualandris & Portegies Zwart 2007;
Sherwin et al. 2008; Boubert et al. 2017; Erkal et al. 2019)
and tidal interactions of stars clusters with a single or bi-
nary SMBHs (Capuzzo-Dolcetta & Fragione 2015; Fragione
& Capuzzo-Dolcetta 2016; Fragione et al. 2017). Unbound
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stars originating from the Galactic disc have also been dis-
covered, e.g. HD 271791 (Heber et al. 2008a), and these are
often named hyperrunaway stars (HRSs).
More than 20 early-type HVSs have been confirmed by
the spectroscopic Multiple Mirror Telescope (MMT) survey,
with Galactocentric velocities up to ∼ 700 km s−1 and dis-
tances between ∼ 50 and ∼ 120 kpc from the GC (Brown
et al. 2006, 2012, 2014). Recently, Boubert et al. (2018) used
Gaia data to show that late-type HVS candidates (see e.g.
Silva & Napiwotzki 2011; Zhong et al. 2014; Vickers et al.
2015) are likely bound to the Milky Way, except for LAM-
OST J115209.12+120258.0 (Li et al. 2015), which moves on
an unbound orbit not originating in the GC.
Determining the exact origin of HVSs is of extreme im-
portance for studies of the Galactic mass distribution and
dark halo. If originating in the GC and travelling on al-
most radial orbits to the halo, HVSs can be used to probe
the shape of the Galactic potential (Gnedin et al. 2010;
Fragione & Loeb 2017; Rossi et al. 2017). Brown et al.
(2018) show that only the fastest HVSs (with radial ve-
locities & 450 km s−1) have orbits originating in the GC,
while the other unbound stars in the MMT sample have
ambiguous origin. Marchetti et al. (2018) used Gaia data
to identify HVS-candidates and found 28 objects out of 165
with a significant (& 50%) probability of being unbound, of
which ∼ 2− 5 come from the GC and ∼ 9 from the Galac-
tic disc, and the remaining are likely of extragalactic origin.
While HVSs coming from other galaxies and satellites (as
the Large Magellanic Cloud; LMC) may contaminate the
sample (Erkal et al. 2019), Kenyon et al. (2018) showed that
the Galactic disc and the LMC potential may have a role in
deflecting HVSs from a nearly radial orbit. Yet, the origin
of most of the known HVSs remains unknown (Brown et al.
2018).
A possible origin for the Galactic HVSs that cannot
be traced back to the GC may be a Hills-type process
in star clusters hosting an IMBH. Assuming that the ob-
served MSMBH − σ relation (with σ the local stellar ve-
locity dispersion) holds also for the range of IMBH masses
(102 M . MIMBH . 105 M), star clusters are the place
where IMBHs should reside (Fragione, Ginsburg & Kocsis
2018; Fragione, Leigh, Ginsburg & Kocsis 2018).
The recent observation of a tidal disruption event con-
sistent with an IMBH in an off-centre star cluster (Lin et al.
2018) represents a significant milestone in the hunt for the
elusive IMBH population. In these clusters, binaries are dis-
rupted by the tidal field of the IMBH and are ejected from
the cluster with high velocities.
In this paper, we study the ejection of HVSs from en-
counters between binary stars and an IMBH, as first pro-
posed by Pfahl (2005) and Gualandris & Portegies Zwart
(2007), in the core of star clusters by means of high-precision
scattering experiments. Using a similar approach, Sesana
et al. (2012) suggested that IMBH in star clusters may eject
a population of millisecond pulsars to the Galactic halo. We
study the imprint of the binary mass, binary semi-major
axis and IMBH mass on the spatial and velocity distribu-
tions of the stars ejected from the cluster. Moreover, for the
first time, we consider the effect of the cluster orbit through
the Galaxy on the observable properties of the high-velocity
stars, which can contribute both to the Galactic RS and
HVS populations. We show that HVSs generated by a Hills-
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Figure 1. Distribution of ejection velocities for stars in Model 1
(see Table 1) for a = 0.05 AU (solid line). The dotted line repre-
sents a Gaussian distribution with mean µ = vej , as given by Eq.
2, and dispersion σ = 0.3 vej .
like mechanism in a star cluster hosting an IMBH would
not travel on radial orbits consistent with a Galactic Centre
origin, rather they would point back to their parent cluster,
thus revealing the presence of an IMBH. We also show that
high-velocity stars ejected by IMBHs have distinctive dis-
tributions in velocity, Galactocentric distance and Galactic
latitude, which can be used to distinguish them from high-
velocity stars from other channels.
The paper is organised as follows. In Section 2, we de-
scribe the classical Hills model for binary breakups by an
IMBH. In Section 3, we describe the methods used in our
numerical experiments. In Section 4, we present the veloc-
ity distributions of HVSs after the tidal breakup of a binary
by an IMBH, while, in Section 5, we discuss the impact of
the host cluster orbit on the HVS spatial distribution. In
Section 6, we compare the properties of the high-velocity
stars produced by the Galactic population of globular clus-
ters to the high-velocity stars originated both in the GC and
the Galactic disc. Finally, a discussion and conclusions are
presented in Section 7.
2 BINARY INTERACTIONS WITH AN
INTERMEDIATE-MASS BLACK HOLE
We consider a binary star of total mass m = m1 + m2 and
semi-major axis a that undergoes a close interaction with
an IMBH of mass M . In general, there are three possible
outcomes for binary disruptions: (i) production of an ejected
star and a star bound to the IMBH; (ii) production of 2 stars
bound to the IMBH; (iii) capture of the binary. Disruptions
occur whenever the binary approaches the IMBH within the
tidal radius
rt ≈
(
M
m
)1/3
a . (1)
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Table 1. Models: name, mass of the IMBH (M), mass of the first
star (m1), mass of the second star (m2), initial binary semi-major
axis (a).
Name M ( M) m1 ( M) m2 ( M) a (AU)
Model 1 103 1 m1 0.05-1.00
Model 2 102-105 1 m1 0.5
Model 3 103 1-8 m1 0.5
Model 4 104 8 1-8 0.5
The typical velocity of the ejected star is (Bromley et al.
2006)
vej ≈ 460
( a
0.1 AU
)−1/2( m
2 M
)1/3(
M
103 M
)1/6
km s−1 .
(2)
For an unequal-mass binary, the ejection speeds of the pri-
mary and secondary are
v1 = vej
(
2m2
m
)1/2
, (3)
v2 = vej
(
2m1
m
)1/2
, (4)
respectively. The ejection speeds in the previous equations
represent theoretical speeds at infinite distance from the
IMBH and are averages over the initial phases and orien-
tations of the binary. Figure 1 illustrates the distribution of
ejection speeds for an equal-mass binary (m1 = m2 = 1 M)
with initial semi-major axis a = 0.05 AU after encountering
an IMBH of mass M = 103 M. The distribution is peaked
at ∼ 700 km s−1, with tails extending to ∼ 1300 km s−1. The
dashed line represents a Gaussian distribution with mean vej
as predicted by Eq. 2 and dispersion 0.3vej , which provides
a reasonable characterization of the numerical results, as al-
ready found in Bromley et al. (2006). The broadening of
the distribution around the Hills peak is due to averaging
over the random orientations of the binary orbit and orbital
plane.
3 NUMERICAL SETUP
We perform scattering experiments in which each binary
starts from a distance D = 103a from the IMBH. We gen-
erate the maximum initial distance for which the pericentre
rmin of the binary is rmin . rt (Fragione & Gualandris 2018;
Fragione 2018). We then randomly sample initial distances
up to such maximum according to a probability f(b) ∝ b in
the pericentre distance, as appropriate when gravitational
focusing is important (Hills 1988; Bromley et al. 2006).
The initial conditions for the numerical experiments
have been set as follows (see also Table 1):
• The mass of the IMBH is M = (102, 103, 104, 105) M.
• Stellar masses are set to m∗ = (1, 2, 4, 8) M.
• Stellar radii are computed from (Demircan & Kahra-
man 1991)
R∗ =
{
1.06 (m∗/M)0.945 R m∗ < 1.66 M,
1.33 (m∗/M)0.555 R m∗ > 1.66 M.
(5)
If the distance between stars becomes smaller than the sum
of the stellar radii, the stars are considered merged and re-
moved from the simulation.
• The semi-major axis of the binary is a = 0.05-1.0 AU.
• The initial eccentricity of the binary is e = 0.
• The initial phase χ of the binary, which determines the
initial position of the stars in the orbit, is randomly gener-
ated.
• The angle θ, which determines the relative inclination of
the binary’s centre-of-mass orbit with respect to the IMBH
and the binary orbital plane is randomly generated.
• The initial distance of the binary from the IMBH is
D = 103a.
The minimum and maximum semi-major axis are set by
requiring that the stars do not collide in their first orbit nor
are they unbound by scatering with cluster stars in the core,
respectively (Fragione & Sari 2018). Initial circular orbits
are not a serious limitation, given that the results depend
mainly on the initial binary energy content(Bromley et al.
2006).
We integrate the system for a total time T = D/v,
where v is the initial velocity of the centre of mass of the
binary, which we set to v = 10 km s−1 as appropriate for the
core of a cluster hosting an IMBH. This choice of T allows
us to follow all encounters to completion, i.e. until a formal
classification of the outcome based on energy considerations
can be performed.
We integrated the system of the differential equations
of motion of the 3-bodies
r¨i = −G
∑
j 6=i
mj(ri − rj)
|ri − rj |3
, (6)
with i = 1,2,3, using the archain code (Mikkola & Mer-
ritt 2006, 2008), a fully regularised code able to model the
evolution of systems of arbitrary mass ratios with extreme
accuracy, even over long periods of time.
4 VELOCITY DISTRIBUTIONS OF EJECTED
STARS
We performed 5000 simulations of IMBH-stellar binary close
encounters for each combination of the parameters given in
Table 1, for a total of 80000 experiments.
In Model 1, we study the fate of binaries as a func-
tion of the initial semi-major axis 0.05 AU 6 a 6 1.00 AU,
while fixing M = 103 M and m1 = m2 = 1 M. We
show the distribution of the ejection velocities in Fig. 2.
The distributions are peaked at ∼ 160 km s−1, ∼ 200 km s−1,
∼ 500 km s−1 and ∼ 700 km s−1 for a = 0.05 AU, 0.10 AU,
0.50 AU and 1.00 AU, respectively. The peak values are con-
sistent with the Hills peak vej of Eq. 2, and the distribu-
tions are well described by a Gaussian with mean vej and
dispersion σ = 0.3 vej . As predicted in Eq. 2, the smaller the
initial semi-major axis, the largest the peak velocity. More-
over, larger initial binary semi-major axes imply a more pro-
nounced broadening around the peak value.
In Model 2, we examine the velocity distributions of
the ejected stars as a function of the IMBH mass, taken
to be M = (102, 103, 104, 105) M, and consider equal-mass
binaries with m1 = m2 = 1 M and initial semi-major
c© 0000 RAS, MNRAS 000, 000–000
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Figure 2. Distribution of ejection velocities for stars in Model 1
for M = 103 M, m1 = m2 = 1 M and different initial binary
semi-major axes.
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Figure 3. Distribution of ejection velocities for stars in Model 2
for equal-mass binaries with m1 = m2 = 1 M and initial semi-
major axis a = 0.5 AU, for different values of the IMBH mass.
axis a = 0.5 AU. The distributions in Fig. 3 are peaked at
∼ 120 km s−1,∼ 200 km s−1,∼ 280 km s−1 and∼ 440 km s−1
for M = 102 M, M = 103 M, 104 M and 105 M, respec-
tively. Similarly to Model 1, the peak values are consistent
with the theoretical Hills peak vej from Eq. 2, showing that
the mass of the IMBH has much less impact on the peak
value of the velocity distribution compared to the initial bi-
nary semi-major axis and mass, being vej ∝M1/6. We also
found that a larger IMBH mass implies a larger broadening
of the velocity distributions around vej .
In Model 3 and Model 4, we consider the role of the
mass of the stars in the binaries in shaping the velocity dis-
tribution of the ejected stars. We fix the mass of the IMBH
to M = 103 M (Model 3) and M = 104 M (Model 4), and
the initial binary semi-major axis to a = 0.5 AU. In Model 3,
we consider equal-mass binaries in the mass range 1 6 m1 =
m2 6 8, while in Model 4 we fix m1 = 8 M and consider
1 6 m2 6 8 for the mass of the secondary. The left panel in
Fig. 4 shows the velocity distribution of the ejected stars in
Model 3 as function of the mass of the binary components.
The distributions are peaked at ∼ 200 km s−1, ∼ 270 km s−1,
∼ 340 km s−1 and ∼ 400 km s−1 for m1 = m2 = 1 M,
m1 = m2 = 2 M, m1 = m2 = 4 M and m1 = m2 = 8 M,
respectively, showing a dependence vej ∝ m1/3 in agreement
with Eq. 2. The right panel in Fig. 4 shows the velocity distri-
bution of the ejected stars in Model 4 as function of the mass
of the secondary star m2 in the binary. The distributions
are peaked at ∼ 190 km s−1, ∼ 290 km s−1, ∼ 420 km s−1
and ∼ 600 km s−1 for m2 = 1 M, m2 = 2 M, m2 = 4 M
and m2 = 8 M, respectively. The peaks are in agreement
with Eqs. 2-3. As previously, the larger the binary mass the
broader the velocity distribution.
5 EJECTING HYPERVELOCITY STARS
FROM STAR CLUSTERS
The ejection of stars from encounters between an IMBH
and a stellar binary is expected to take place in the core
of star clusters, where an IMBH with mass in the range
102 M . M . 105 M could reside (Fragione, Ginsburg
& Kocsis 2018; Fragione, Leigh, Ginsburg & Kocsis 2018).
When a star is ejected from a cluster, its ejection velocity
needs to be combined with the cluster orbital velocity at the
time of ejection.
To compute the Galactic distribution of stars ejected
from a cluster hosting an IMBH, we use the results of the
scattering experiments and combine the ejection velocity of
the stars with the cluster velocity at the moment of ejection.
We describe the cluster orbit by means of its semi-major axis
acl. The cluster eccentricity ecl and the relative inclination of
its orbital plane with respect to the Galactic disc ηcl do not
affect the final velocities of the stars, but only their spatial
distribution, being the velocity of the cluster along its orbit
at maximum of the same order as the ejection velocity. As-
suming a constant ejection rate, a large orbital eccentricity
for the cluster would imply that the majority of the stars are
ejected near the cluster apocentre. Moreover, stars ejected
from the cluster tend to reside in the cluster orbital plane,
whose orientation is determined by ηcl. In our calculations,
we have assumed ecl = 0 and ηcl = 0
◦.
We describe the Galactic potential with a 4-component
model Φ = ΦSMBH + Φb + Φd + Φh (Kenyon et al. 2014;
Fragione & Loeb 2017), where:
• ΦBH is the contribution of the central SMBH,
ΦSMBH(r) = −GMSMBH
r
, (7)
with MSMBH = 4× 106 M;
• Φb is the contribution of the spherical bulge,
Φb(r) = − GMb
r + ab
, (8)
with mass Mb = 3.76 × 109 M and core radius ab = 0.10
kpc;
• Φd accounts for the axisymmetric disc,
Φd(R, z) = − GMd√
(R2 + (b+
√
c2 + z2)2)
, (9)
with mass Md = 5.36 × 1010 M, length scale b = 2.75 kpc
and scale height c = 0.30 kpc;
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Figure 4. Left: Velocity distribution of the ejected stars in Model 3 for M = 103 M, initial binary semi-major axis a = 0.5 AU and
different stellar masses m1 = m2. Right: Velocity distribution of the ejected stars in Model 4 for M = 104 M, initial binary semi-major
axis a = 0.5 AU, m1 = 8 M and different masses of the companion star m2.
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Figure 5. Galactocentric distance (left) and velocity (right) distribution of the stars ejected from a cluster hosting an IMBH of mass
M = 104 M after a binary-IMBH interaction of equal-mass binaries of mass m1 = m2 = 1 M (top) and m1 = m2 = 4 M (bottom),
with a = 0.5 AU. The host cluster orbits the GC on a circular orbit of semi-major axis acl in the Galactic disc.
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• Φh is the contribution of the dark matter halo
Φh(r) = −GMh ln(1 + r/rs)
r
. (10)
with mass Mh = 10
12 M and length scale rs = 20 kpc.
The parameters are chosen so that the Galactic circular ve-
locity at the distance of the Sun (8.15 kpc) is 235 km s−1.
To generate mock catalogs of stars, we assume that the
central IMBH ejects stars at a constant rate along the cluster
orbit. We follow the formalism of Pfahl (2005) to compute
the rate of ejections from a cluster due to encounters with
an IMBH. We distinguish between full and empty loss-cone,
which is the region in phase-space where binaries interact
with the IMBH and can be disrupted. In the full loss-cone
regime, binary stars may be scattered in and out of the loss-
cone on their way from apoapse to periapse, while, in the
empty loss-cone regime, any star deflected into the loss-cone
is disrupted within a dynamical time. Pfahl (2005) found for
the full loss-cone regime
R ≈ fb
( a
0.1 AU
)( n
105 pc3
)(
M
103 M
)4/3
×
×
( σ
10 km s−1
)−1
Myr−1 , (11)
while, in case of empty loss cone
R ≈ fb
(
n
105 pc3
)2(
M
103 M
)3 ( σ
10 km s−1
)−9
Myr−1 .
(12)
In the previous equations, fb is the binary fraction, σ is
the velocity dispersion and n the density of the host clus-
ter. Both rates predict approximately one binary disruption
per Myr, thus we fix the ejection rate to 1 Myr−1 in our
calculations.
To compute the observational properties of the ejected
stars, we follow the procedure outlined in Kenyon et al.
(2014). For each ejected star we randomly choose an ejection
time tej and an observation time tobs between zero and its
main-sequence lifetime tms. This assumes that the ejected
star is observed before it evolves off the main-sequence.
Whenever tej < tobs, we assign the star an ejection veloc-
ity sampled from the results of our scattering experiments.
We then combine the star ejection velocity with the cluster
orbital velocity assuming a random ejection direction and
assign the location of the cluster along its orbit as the star’s
position. We then integrate the full 3D orbit of the star in
the Galactic potential up to a maximum time T = tobs− tej ,
tracking its position and velocity. If at any time the star
reaches the virial radius (assumed to be 250 kpc), the star
is considered ejected from the Galaxy and removed from the
calculation.
Figure 5 shows the Galactocentric distance (left) and
velocity (right) distribution of stars of mass 1 M (top)
and 4 M (bottom), originally in an equal-mass binary with
semi-major axis a = 0.5 AU, ejected from a cluster host-
ing an IMBH of mass M = 104 M orbiting the GC on a
circular orbit of semi-major axis acl = (5, 10, 20, 50) kpc in
the Galactic disc. Regardless of the mass of the stars, the
Galactocentric spatial distribution is peaked near the clus-
ter semi-major axis, with tails extending to the Galactic
virial radius. The mass of the stars affects, instead, the ve-
locity distribution. For 1 M stars, the velocity distribution
101 102
R (kpc)
101
102
103
v 
(k
m
 s
1 )
acl = 5 kpc
acl = 10 kpc
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Escape velocity
Figure 6. Galactocentric velocity versus Galactocentric distance
of 4 M stars (a = 0.5 AU and M = 104 M). Most of the un-
bound HVSs are found at R & 30 kpc. Clusters with larger acl
produce a larger number of unbound stars, being the local escape
speed smaller.
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Figure 7. Relative angle between the Galactocentric distance
and velocity vectors (see Eq. 14) for 4 M stars (a = 0.5 AU and
M = 104 M). Almost all stars have β & 0◦, i.e. non-radial orbits
with respect to the Galactic Centre.
is peaked at ∼ 200 km s−1 independently of the cluster or-
bit, while the velocity distribution is peaked at ∼ 200 km s−1
and ∼ 500 km s−1 for 4 M stars in the cases acl = 5 kpc
and acl = 50 kpc, respectively. The dependence on stellar
mass may be interpreted both in terms of the ejection veloc-
ities and in terms of the main-sequence lifetimes, computed
as (Fragione & Loeb 2017)
tms =
(
m
1 M
)−2.5
1010 yr . (13)
Typically, 4 M stars have a main-sequence lifetime (tms =
3× 108 yr) ∼ 30 times smaller than 1 M stars (tms = 1010
yr). Typically 1 M stars are ejected with velocities ∼ 1.6
times smaller than the 4 M stars. In our configuration
(m1 = m2 = 1 M and a = 0.5 AU), the typical ejection
velocity is ∼ 230 km s−1, which has to be combined with the
c© 0000 RAS, MNRAS 000, 000–000
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Figure 8. Cumulative distributions of the relative angle β between the Galactocentric distance and velocity vectors for 4 M stars
(a = 0.5 AU and M = 104 M) and for acl = 50 kpc, as a function of the cluster eccentricity (left) and inclination with respect to the
Galactic disc (right).
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Figure 9. Galactocentric velocity distribution of stars, originally in an equal-mass binary (m1 = m2 = 4 M, a = 0.5 AU), ejected from
a cluster hosting an IMBH of mass M = 104 M orbiting the GC on a circular orbit (in the Galactic disc) of semi-major axis acl=5 kpc
(top-left), 10 kpc (top-right), 20 kpc (bottom-left) and 50 kpc (bottom-right). Blue-dotted lines represent stars within 30 kpc from the
GC, while red-dashed lines show stars outside this radius.
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cluster orbital velocity. Moreover, 1 M stars ejected with
velocities exceeding the local escape speed (∼ 650 km s−1
and ∼ 350 km s−1 at 5 kpc and 50 kpc, respectively) have
sufficient time to travel out of the Galaxy within their main-
sequence lifetime. This result is independent of the clus-
ter orbit. As a consequence, only 1 M stars with veloci-
ties below the local escape speed can be observed in the
Galaxy. On the other hand, 4 M stars have ejection speeds
∼ 370 km s−1, but a smaller tms = 3×108 yr. These stars can
only be observed soon after ejection from the cluster both
because they may evolve off the main-sequence and because
they may escape the Galaxy. As a consequence, 4 M stars
have a much wider spectrum of velocities.
In Fig. 6, we show the Galactocentric distances and ve-
locities of 4 M stars for different cluster semi-major axes.
Most of the unbound HVSs have R & 30 kpc, and clusters
with larger acl produce a larger number of unbound stars,
being the local escape speed smaller. To help illustrate the
deflection form a purely radial Galactocentric orbit of the
high-velocity stars produced as a consequence of binary dis-
ruptions by an IMBH in a star cluster, we compute the angle
β = arccos
(
R · v
Rv
)
, (14)
where R and v are the observable Galactocentric distance
and velocity vectors, respectively. The case β = 0◦ corre-
sponds to purely radial orbits. Fig. 7 shows β as a function of
the Galactocentric distance for different cluster orbits. The
vast majority of stars have non-radial orbits with respect to
the GC.
In Fig. 8, we illustrate the effect of the cluster orbital
eccentricity and inclination, in the case acl = 50 kpc. As
discussed above, the cluster eccentricity ecl and the relative
inclination of its orbital plane with respect to the Galactic
disc ηcl, do not affect the final Galactocentric velocity of the
ejected stars, but do influence their spatial distribution.
Figure 9 shows the different contributions of stars
within and outside 30 kpc to the overall Galactocentric ve-
locity distribution in the case of 4 M stars (a = 0.5 AU and
M = 104 M). While for acl = 5 kpc and acl = 10 kpc, the
majority of the stars is found within 30 kpc, the stars out-
side this radius become the largest component for acl = 20
kpc and acl = 50 kpc. In the latter case, only ∼ 3% of the
stars is within 30 kpc.
6 HIGH VELOCITY STARS EJECTED FROM
THE MILKY WAY GLOBULAR CLUSTERS
The Milky Way hosts about 150 globular clusters, and about
60 of them have reliable measurements of the 3D cluster ve-
locity and the stellar velocity dispersion (Harris 1996, ver-
sion 2010). We can therefore model the ejection of high ve-
locity stars from the Galactic population of globular clus-
ters assuming they host an IMBH at the centre, and trace
their orbits in the Galactic potential. Following Sesana et al.
(2012), we estimate the mass of the IMBH in each globular
cluster in two different ways. In the first model, we assume
that the IMBH is formed through runaway collisions of mas-
sive stars in the cluster core. The collisions build up a super-
massive star which then collapses to a black hole (Portegies
Zwart & McMillan 2002). The IMBH mass is found to scale
101 102 103 104
MBH (M )
0
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20
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Runaway collisions (all)
Runaway collisions (w )
M -  relation
Figure 10. Distribution of IMBH masses in the Milky Way’s
globular clusters adopting data from the (Harris 1996, version
2010) catalogue and considering both an extrapolation of the
M −σ relation to lower velocities (blue/shaded histogram) and a
scaling from runaway collisions (red/empty histogram). Since not
all clusters have a measured velocity dispersion, we also show the
distribution of IMBH masses for the subsample of cluster with a
measured value of σ.
with the cluster mass MGC as
MBH = mseed + 4× 10−3fcMGC ln Λ , (15)
where mseed ≈ 50 M is the mass of the heavy star that
initiates the runaway process, fc ≈ 0.2 is the runaway co-
efficient and ln Λ ∼ 10 is the Coulomb logarithm (Portegies
Zwart & McMillan 2002). In the second model, we set the
IMBH mass from an extrapolation of the M − σ relation to
lower velocities (Tremaine et al. 2002)
MBH = 2
( σ
70 km s−1
)4
106 M , (16)
where σ is the cluster stellar velocity dispersion. The result-
ing distributions of IMBH masses are shown in Fig. 10. We
notice that the runaway collisions model produces signifi-
cantly larger IMBH masses than the M − σ model, with a
peak velocity around 1000 M. The distribution of masses
from the M − σ model is peaked below 100 M but is
broader, with a long tail extending to ∼ 104 M. Since not
all clusters have a measured value of σ, we also consider the
subsample of clusters with a measured velocity dispersion
and show the predicted distribution of IMBH masses from
the runaway collision model.
We use the distributions of ejection velocities obtained
with the scattering experiments (see Sect. 4) to estimate the
statistical properties of high-velocity stars ejected from the
Galactic population of globular clusters. Here we only use
the population of clusters with a measured value of σ, in
order to make a fair comparison between the two different
IMBH models. We then compare these properties with those
of HVSs ejected from the Galactic centre as well as RSs
ejected from the Galactic disc. To generate a population of
HVSs originating in the Galactic Centre, we use the method
outlined in Bromley et al. (2006), that we briefly described
in Sect. 2-5 (see Eq. 2). We also create a mock population
c© 0000 RAS, MNRAS 000, 000–000
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Figure 11. Predicted Galactocentric velocity distribution of high-velocity 3 M stars from different formation channels: ejection from
an IMBH in the Milky Way’s globular clusters (top), dynamical encounters and supernova explosions (middle), Hills mechanism in the
Galactic Centre (bottom). Solid lines show the distributions with a cut in the velocity at 30 km s−1, dotted lines show the distributions
with a cut in the velocity at 300 km s−1.
of RSs following the prescriptions of Kenyon et al. (2014).
We assume that the initial space density of RSs follows the
space density of stars in the Galactic disc (Bovy & Rix 2013)
f(rRS) ∝ rRS e−rRS/r0 , (17)
in the range 3-30 kpc, with r0 = 2.4 kpc (Brand & Wouter-
loot 2007). For the typical velocity distributions of RSs,
we distinguish between two cases: supernova ejections and
dynamical ejections. In the supernova ejection mechanism
(Portegies Zwart 2000; Bromley et al. 2009) we model the
velocity distribution as
f(vSN) ∝ e−vSN/vSN,0 , (18)
in the range 20 km s−1-400 km s−1, with vSN,0 = 150 km s−1.
For the dynamical ejection channel we follow the prescrip-
tions by Perets & Suˇbr (2012) and assume an ejection ve-
c© 0000 RAS, MNRAS 000, 000–000
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Figure 12. Predicted Galactocentric velocity distribution of
high-velocity 3 M stars from an IMBH in the Milky Way’s glob-
ular clusters, using Eq. 20 for clusters without a measured value
of σ.
locity distribution
f(vDY) ∝

v
−3/2
DY vDY 6 vDY,0
v
−8/3
DY vDY > vDY,0
(19)
in the range 20− 800 km s−1, with vDY,0 = 150 km s−1.
As discussed in Sect. 5, we follow the procedure out-
lined in Kenyon et al. (2014) to compute the observational
properties of the ejected stars, for all the mechanisms con-
sidered above. In particular, for each ejected star we ran-
domly choose an ejection time tej and an observation time
tobs between zero and the star’s main-sequence lifetime tms.
Whenever tej < tobs, we assign the star an ejection veloc-
ity according to the distribution appropriate for its origin,
and combine it with either the cluster orbital velocity (for
IMBH ejections) or the Galactic disc velocity (for dynam-
ical and supernova RSs). Finally, we integrate the full 3D
orbit of the star through the Galaxy up to a maximum time
T = tobs − tej .
6.1 Velocity distributions
In Figure 11 we compare the distribution of velocities of
high-velocity 3 M stars produced by the different chan-
nels: ejection by an encounter with an IMBH in a Galactic
globular cluster (top panels), ejection from the disc by ei-
ther supernova explosions in binaries or dynamical encoun-
ters (middle panels) and Hills mechanism in the Galactic
Centre (bottom). The velocities are taken at the time the
star is observed, to allow for a more meaningful compari-
son with observations of HVSs in the halo. Velocities are
cut at either 300 km s−1 (solid lines, for comparison with
HVSs) or 30 km s−1 (dotted lines, for comparison with run-
aways). We find that the distributions of observed velocities
for the IMBH channel are peaked around 300 km s−1, with
a tail extending to ∼ 2000 km s−1. The runaway collision
scenario predicts larger velocities than the M − σ model.
This is justified by the fact that the typical IMBH mass is
higher in the former model. We stress that we have only
used the population of clusters with a measured value of σ
for this comparison between the two different IMBH models.
In addition, we have derived a scaling relation from Harris
catalogue
σ = 8.2 km s−1
(
MGC
105 M
)0.45
, (20)
that we have used to repeat our calculation, now using the
whole sample of Galactic globular clusters. We find similar
results in this case (see Fig. 12), but we leave a more detailed
comparison of the two IMBH mass models for future work,
when velocity dispersion data will become available for all
the known Galactic globular clusters. The distributions for
ejection from the Galactic disc have similar peaks, though
they extend only to a maximum of ∼ 800 km s−1 for the
dynamical ejections and ∼ 400 − 500 km s−1 for supernova
ejections. The distributions for Galactic Centre ejections are
broader, with a peak at ∼ 100 km s−1 and a tail extending
up to ∼ 3000 km s−1. Differences arise also for lower-mass
stars, though they are more pronounced for the more mas-
sive stars.
6.2 Galactocentric distance and Galactic latitude
distributions
The distributions of Galactocentric distances of high-
velocity 3 M stars are shown in Figure 13 for the dif-
ferent formation channels. Velocity cuts at 30 km s−1 and
300 km s−1 are applied in this case as well. The distributions
for the different channels are significantly different, though
they all peak at distances of a few kpc, except from the Hills
mechanism peaked at ∼ 200 kpc. The disc ejections (dynam-
ical and SN) have a fast decline, with a small tail up to 100
kpc. The largest distances are reached with Galactic centre
ejections.
A comparison with available HVS data (Brown et al.
2014) is given in Fig. 14 through a density map in Galac-
tocentric velocity versus distance. Predictions from a Hills-
type mechanism provide the best match to current observa-
tions, with both ejections from the GC and ejections from
a cluster IMBH with a mass extracted from the M − σ re-
lation showing good agreement with data. A more detailed
comparison with data taking into account observational bi-
ases would be required to draw stronger conclusions but is
beyond the scope of this work.
In Figure 15 we show the predicted distributions of the
Galactic latitude α for the different models. Runaway stars
originated in the Galactic disc are clearly clustered close to
the Galactic plane, with a peak at α ∼ 0 and symmetric
distributions around the plane. High-velocity stars coming
from clusters hosting IMBHs have a wider distribution of
Galactic latitudes, roughly uniform in the range (-75,+75)
deg, with fewer stars at ±90 deg with respect to the Galactic
plane. Stars ejected from the Galactic centre have a uniform
distribution in α since they are ejected isotropically by the
SMBH.
As in the case of the velocity distributions, differences
arise also for less massive stars, but they are more pro-
nounced for the more massive ones.
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Figure 13. Predicted distribution of Galactocentric distances of high-velocity 3 M stars from different formation channels: ejection from
an IMBH in the Milky Way’s globular clusters (top), dynamical encounters and supernova explosions (middle), Hills mechanism in the
Galactic Centre (bottom). Solid lines show the distributions with a cut in the velocity at 30 km s−1, dotted lines show the distributions
with a cut in the velocity at 300 km s−1.
6.3 Rates
Ejection rates for high-velocity stars are different depend-
ing on the ejection mechanism. In the case of the dynamical
and supernovae ejections, the estimated rate is ∼ 10−3 yr−1,
assuming that our Galaxy forms stars at ∼ 1 M yr−1 ac-
cording to a Kroupa initial mass function, and that 0.1% of
them undergoes high-velocity ejections (Brown et al. 2015).
In the empty loss-cone regime, the Galactic Centre ejects
stars through the Hills mechanism with a typical rate of
∼ 10−4-10−5 yr−1 (Yu & Tremaine 2003).
For the IMBH channel, the rate is essentially dominated
by the most massive IMBHs. Assuming as a typical IMBH
mass of 1000 M and a typical stellar dispersion velocity
of 10 km s−1, the rate of ejection of high-velocity stars in a
given cluster is∼ 4fb×10−5 yr−1 (see Eq. 12), where fb is the
cluster binary fraction. For the overall population of clusters
in the galaxy, the total rate is ∼ 4fbζNcl×10−5 yr−1, where
c© 0000 RAS, MNRAS 000, 000–000
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Figure 14. Predicted density distribution of high-velocity 3 M stars from different formation channels: ejection from an IMBH in the
Milky Way’s GCs (top), dynamical encounters and supernova explosions (middle), Hills mechanism in the Galactic Centre (bottom). For
comparison, data from the Brown et al. (2014) sample of HVSs is shown with filled circles.
Ncl is the number of globular clusters and ζ is the fraction of
clusters that harbour an IMBH. Giersz et al. (2015) found
that the fraction of clusters that may host an IMBH can be
as high as 20%. Assuming a typical binary fraction fb = 0.1,
this translates into a total rate of ∼ 1.2 × 10−4 yr−1. We
note that the binary fraction generally decreases over time,
though typically only to ∼ 60-80% of the initial value, both
for shallow Plummer and concentrated King profiles (Trenti
et al. 2007). This implies that the total rate of ejections for
the IMBH channel decreases to ∼ 0.7-1×10−4 yr−1 in time.
Given the rates above, we can conclude that high-
velocity stars ejected from globular clusters harbouring
IMBHs should be ∼ 10 times less likely than runaway stars
ejected from the Galactic disc and similarly a factor of a
few more likely than Hills ejections from the Galactic cen-
tre, though we caution that uncertainties in the rates remain
significant.
In Fig. 16 we show the cumulative distributions of ob-
served velocities for high-velocity stars (within 100 kpc)
from the different channels, normalised to the super-
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Figure 15. Predicted distribution of Galactic latitude of high-velocity 3 M stars from different formation channels: ejection from an
IMBH in the Milky Way’s globular clusters (top), dynamical encounters and supernova explosions (middle), Hills mechanism in the
Galactic Centre (bottom). Solid lines show the distributions with a cut in the velocity at 30 km s−1, dotted lines show the distributions
with a cut in the velocity at 300 km s−1.
nova/dynamical scenario rate. As expected, the population
of high-velocity stars is dominated by runaway stars from
the Galactic disc at low velocities (V . 500 km s−1) and
high-velocity stars from IMBH ejections from clusters at
high velocities (V & 500 km s−1), with HVSs from the GC
providing a significant contribution to the high-velocity tail
(V & 1000 km s−1).
7 DISCUSSIONS AND CONCLUSIONS
The Gaia mission has revolutionized astrometry and is offer-
ing an unprecedented opportunity to study the population
of high-velocity stars in our Galaxy, thanks to its precise
proper motion measurements. The full Gaia data release
will allow to determine the origin of (most) HVSs and put
constraints on the Galactic mass distribution and dark halo
c© 0000 RAS, MNRAS 000, 000–000
14 G. Fragione and A. Gualandris
300 500 1000 2000
v (km s 1)
10 3
10 2
10 1
100
N(
>v
) Galactic Center
Runaway collisions
M -  relation
Supernovae
Dynamical
Figure 16. Cumulative distributions of observed velocities of
high-velocity stars from the different channels, each cut at
300 km s−1 and normalised to the predicted rate of the channel.
potential (Gnedin et al. 2010; Fragione & Loeb 2017; Rossi
et al. 2017).
The leading scenario to explain the velocities of the hy-
pervelocity stars in the halo is the classical Hills mechanism
(Hills 1988), where a stellar binary is unbound by the SMBH
in the Galactic centre, as a result of which one star is cap-
tured in orbit around the SMBH while the companion is
ejected with a typical velocity of a thousand km s−1. This
model predicts HVSs moving away from the Galactic cen-
tre on nearly radial orbits. Surprisingly, recent observations
show that only a few of the known HVSs (the ones with the
highest velocities) can be traced back to the centre of the
Galaxy (Boubert et al. 2018; Brown et al. 2018; Marchetti
et al. 2018; Erkal et al. 2019). Kenyon et al. (2018) showed
that the Galactic disc and the LMC potential may play a
role in deflecting HVSs from a nearly radial orbit. Yet, the
origin of most of the known HVSs remains unknown.
We considered the ejection of high velocity stars from
star clusters hosting an IMBH due to encounters between
binary stars and the IMBH itself. We performed a large
number of high-precision scattering experiments varying the
IMBH mass and the properties of the binaries and derived
the velocity and space distributions of the ejected stars by
taking into account the effect of the parent cluster’s orbital
motion. We found that the properties of the ejected stars,
which can contribute both to the Galactic RS and HVS pop-
ulations, depend on the cluster orbit, with most of the un-
bound HVSs found at Galactocentric distances R & 30 kpc.
As expected, HVSs generated by a Hills-like mechanism
in a star cluster hosting an IMBH would not travel on or-
bits consistent with a Galactic centre origin, rather they
would point back to their original host cluster, thus provid-
ing observational evidence for the presence of an IMBH. We
caution, however, that observational errors in the distance,
radial velocity and proper motions would propagate while
backtracing the orbit in the Galactic potential, thus mak-
ing a precise localisation of the birth location in the disc
challenging. In addition to a population of unbound HVSs,
this mechanism can produce a large population of bound
RSs (Silva & Napiwotzki 2011; Zhong et al., 2014; Vick-
ers, Smith & Grebel 2015; Sˇubr, Fragione & Dabringhausen
2019).
We also modelled the ejection of high-velocity stars from
the Galactic population of globular clusters, assuming that
each cluster contains an IMBH and combining the ejection
velocity of the star with the cluster’s orbital velocity, as well
as propagation of the star in the Galactic potential up to
the estimated detection time. We compared the properties
of the resulting high-velocity stars with those of mock pop-
ulations ejected from both the Galactic disc (dynamical and
SN ejections) and the Galactic centre (Hills mechanism). We
find that high-velocity stars ejected by IMBHs have distinc-
tive distributions in velocity, Galactocentric distance and
Galactic latitude. The ejection rate is ∼ 0.7 − 1.2 × 10−4
yr−1, similar or slightly larger than the rate for the Hills
mechanism. Altogether, this opens up the possibility of con-
straining the origin of high-velocity stars with future obser-
vations. A detailed comparison with available data requires
a detailed analysis of observational selections and biases and
is left to future work.
Studying spectroscopic and kinematic data of runaways
and HVSs can help constraining their origin and the possible
presence of an IMBH in the core of a given globular cluster.
Spectroscopic data can be used to obtain radial velocities,
while tangential velocities can be obtained from proper mo-
tion measurements, whose combination, along with the sky
position of the stars, gives the full 6-D phase space informa-
tion to determine their trajectories. This approach has al-
ready proven successful in a few cases in which high-velocity
stars were traced back to their birth location, providing indi-
rect evidence for the existence of IMBHs in certain clusters.
Hoogerwerf et al. (2001) used radio observations and milli-
arcsecond accuracy astrometry from the Hipparcos satel-
lite of the orbits of 56 RSs and nine compact objects with
distances . 700 pc to identify their parent stellar group.
Heber et al. (2008b) studied the mass, evolutionary lifetime
and kinematics of HD 271791 by using proper motion mea-
surements from a collection of catalogues, and found that
the likely birthplace of HD 271791 is the outer Galactic
disc, while the Galactic Centre origin is ruled out. Recently,
Lennon et al. (2018) and Renzo et al. (2018) used Gaia data
to show that the dynamics of the very-massive runaways
VFTS 16 and VFTS682 are consistent with ejection from
the young massive cluster R136. Hattori et al. (2018) stud-
ied the origin of hyper-runaway subgiant LAMOST-HVS1
by using Gaia data, and found that it was likely ejected dy-
namically from near the Norma spiral arm as a consequence
of a few-body encounter or a Hills-like ejection by an IMBH.
Thanks to present and future high precision data from Gaia,
similar studies can be performed for known and candidate
high-velocity stars, which might have been ejected through
the mechanism discussed in this work, thus revealing new
IMBH candidates.
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